Abstract-The proposed Silicon Detector concept for the International Linear Collider has a barrel and end cap muon systems. The scintillator based muon system prototype has 256 scintillating strips, wavelength-shifting fibers, and clear fibers connected to multianode photo multiplier tubes (MAPMT). Six Hamamatsu H7546B tubes were used. To understand strip output, each of 384 MAPMT outputs was independently measured at a given luminous flux and the same photocathode to anode voltage of 800 V. For the test, a custom made source of light was used. The anode currents have a wide spread; for all tubes the maximum value is 5.23 times larger than the minimum value. The MAPMT cross talk was measured for one of the central inputs. The maximum cross talk value is about 4.9%. The average cross talk for the nearest four neighboring channels is 3.9%, for the farther four 1%. To assure reproducibility and repeatability of the measurements a double reference method was used.
I. INTRODUCTION
T HE proposed Silicon Detector (SiD) [1] for the International Linear Collider has a barrel and end cap muon systems. A 5.7 m long barrel will start outside of the 5 T superconducting magnet at a radius of 3.5 m. The solenoid flux return is divided into 23 layers of 10 cm thick steel plates in an octagonal geometry. The muon detectors will be inserted between the steel plates.
An SiD scintillator based muon system prototype [2] was made of 256 scintillating strips read out via wavelength shifting (WLS) fibers, clear fibers, and multianode photomultiplier tubes (MAPMT). The rectangular scintillating strips were extruded with grooves for WLS fibers and titanium dioxide white reflective coating. Kuraray Y-11 multiclad 1.2 mm outer diameter WLS fibers were thermally spliced to 1.2 mm outer diameter clear fibers. The WLS fiber ends were polished and one end was mirrored using aluminum sputtering. Then the WLS fiber was glued in the strip groove. The free fiber ends were assembled into a "cookie", up to 64 fibers in one cookie were connected to a Hamamatsu tube H7546B [3] . All 384 channels of six MAPMTs were used. The prototype [2] A photomultiplier tube anode response depends on incident luminous flux, the quantum efficiency of the photocathode, and the applied voltage. For the same applied voltage, the response of a particular anode of a multianode tube is usually different from it's neighboring channels because of differences in the local photocathode spectral response (quantum efficiency) and in the local channel gain. To understand the difference in prototype strip light yields to a beam particle it is essential to apply a relative correction to a particular strip's output to remove the effect of MAPMT channel non-uniformity. The beam test of the prototype was performed in pulse mode for the MAPMT, which means individual pulses were integrated to determine charges. In the relative response determinations discussed here we measure each MAPMT channel's average current (current mode). The main concern of this study was to gain knowledge about the response of different channels at the same voltage to the same luminous flux. Details about implementation of the current measurement used to rationalize the prototype beam test data can be found in [4] .
II. MATERIALS AND METHODS

A. Current Measurement Restrictions
To understand the prototype outputs to an incident beam of charged particles, knowledge of every channel's response to a given luminous flux and high voltage were needed. For the comparison of different channel' anode currents the incident luminous flux and the high voltage should be of a reasonable value (without saturation of any MAPMT channels) and remain the same during the measurements. For an accurate measurement, the anode current response (about ) to a given luminous flux should be much higher than the dark current (nA). We used the company recommended value of 800 V for the anode to cathode voltage.
B. Source of Light
For the tests, a custom made source of light was used. To make the emission spectrum of the light used in the test similar to the original light generated in the prototype, the custom made source uses a scintillator and WLS fiber. The source of light consists of a 10 mm thick 10 cm 10 cm plate made of cast scintillator EJ-200 [5] (similar to BC-408 or Pilot F) with two key-shaped milled grooves; two Kuraray Y-11 [6] , multiclad, 1. diameter, and 1.01 m long WLS fibers with one mirrored end; two layers of Tyvek [7] wrapping; and a radioactive source on the top (5 mCi Sr-90 with housing). The key shaped-milled grooves and WLS fibers are similar to those used earlier [8] . After the scintillator was wrapped, the mirrored WLS fiber ends were inserted into the grooves through holes in the Tyvek wrapping. Because 10 cm of the WLS fiber is inside the scintillator, the length of fiber outside the scintillator is about 0.9 m.
The extra length helps to reduce or avoid cladding light at the fiber end. During tests, insertion of the WLS fiber end into different inputs occurs more than four hundred times. The fiber end can be damaged and the cladding, in particular. The modified or damaged cladding influence on the output light will be minimized if most of the light is in the fiber core, which will occur for longer fiber. The extra length also helps simplify the WLS fiber handling. In addition to this precaution, the output light was under control during all tests.
Electrons from the radioactive source generated light in the scintillator. The WLS fiber end inserted into the scintillator absorbed and then emitted light that was transmitted along the WLS fiber to the MAPMT. At the end of WLS fiber, the emission spectrum is defined by the Y11 material itself and the fiber length [6] . Light attenuation in the WLS fiber is wavelength dependent. After the original light has been transmitted through the 1 m long Y11 WLS fiber, the modified emission spectrum has maximum relative intensity at about 500 nm. This light was used in all following tests.
C. Measurement Scheme
The template shown in Fig. 1 was used to position the WLS fibers on the photocathode. The template was made from delrin [9] and had 64 holes. Each hole was about 1.3 mm in diameter. The hole positions correspond to the center of photocathode channels that have active areas and were defined using the drawing from the company catalog [3] . The same catalog was used for mapping the inputs. The mapping is reproduced in Table I to simplify the following discussions.
The anode output current was measured using a Keithley 6485 Picoammeter connected to a PC. The PC used LabVIEW for Windows from National Instruments. The current measurements in every channel were repeated 125 times. The program calculated a mean value and a standard deviation. The numbers used are the mean value for the current and the standard deviation for the error. The one at a time anode current output was measured. A high voltage calibrated DC power source model 1570 from Power Designs Inc. was used to operate the MAPMT. There was no additional control of the output voltage from the high voltage power supply. The measurements were performed in a light tight box at about . Precision control of the temperature was not available during the tests. More details about the measurements can be found in [10] .
D. Repeatability and Reproducibility of the Measurements
For the relative comparison of channel response conditions should be the same during all tests. Electronics and the given luminous flux were two conditions under permanent control. To be sure of the same comparative conditions, a double reference method was used [11] . The double reference method makes use of the two WLS fibers from the source of light. The mirrored ends of both WLS fibers were permanently connected (inserted, not glued) to the source-scintillator. The other ends of the WLS fibers were connected to the MAPMT. Each MAPMT was in the assembly box used in the prototype tests. The assembly box includes the MAPMT itself, a voltage-divider circuit, cables, and connectors.
The luminous fluxes from the WLS fiber ends were similar, although a few percentage points difference was accepted. One of the WLS fibers was connected to channel #57 (Table I) and was used for the reference measurements for each particular tube. The second fiber delivered light to each channel under test and for the control measurements that used channel #64. The control measurements in channel #64 were performed after each row of eight channels was tested. The control measurements verified that the given luminous flux did not change. The reference measurements were performed before the particular channel test and verified that the measurement system, including the MAPMT under test, was in the same condition. If the reference measurement values were repeatable with accuracy better than one percent for each particular MAPMT, the measurements performed between them were accepted.
All channels were subject to reference and control tests. If the results of reference or control measurements were not reproducible and repeatable, the problem was solved immediately. The reference measurement verified the electronics before and after every measurement. The control measurement verified that nothing happened with the luminous flux at the WLS fiber end. There are two major sources of non-reproducibility, the angle and distance between the WLS fiber end and a photo cathode surface. The depth and diameter of the template hole helps to avoid the former. The latter is solved with the tension in the fiber connection [11] .
E. MAPMT Crosstalk
Because the measurement of every MAPMT anode output was independent, cross talk in sixty-three outputs could be measured. The cross talk is the anode current in any channel not corresponding to the illuminated channel. Channels #49, #50, and #58 didn't have references because of cross talk from channel #57 used for the reference measurements. When channel #57 was being tested, it also did not have a reference.
III. RESULTS
A. Anode Current Saturation Verification
To verify that the luminous flux from the custom made source of light did not saturate the anode current at a voltage of 800 V, one of the WLS fibers was connected to a MAPMT channel. Then the luminous flux was reduced step-by-step by inserting sheets of a phenolic plastic (a linen grade 'Garolite' from GM with an average 1.6 mm thickness and 1.40 density) between the radioactive source and the scintillator. Up to 4 sheets were used. As a result, the anode output current changed from 3710 nA to 81 nA. A typical value of the dark current measured without the radioactive source was less than 1 nA. Because there was no rough indication of the anode output current saturation in this particular channel, the luminous flux was not additionally adjusted.
MAPMT S+ was the first tube tested. The anode currents measured for the MAPMT S+ channels are shown in Fig. 2 . The S+ tube provides an example of a wide variety of anode currents in different channels. The responses are lower for the channels that are near the photo cathode edges. The minimum current was observed in channel #01, the maximum in #54. During the beam test the prototype MAPMTs were operated at voltages other than TABLE I 800 V. So it was necessary to verify how far the maximum current response was from saturation at different voltages. This was tested by comparison of these two channel's anode current dependence as a function of voltage. For channels #01 and #54 the anode current was measured in a range of voltage from 600 to 960 V. The anode output currents ranged from 13.2 nA to 6610 nA. Because there was no indication of current saturation in these particular channels, the other measurements were performed at 800 V only. There was no goal to check the current linearity response in different channels as a function of the voltage.
B. MAPMT Responses
The responses of all the channels of the 6 MAPMTs were measured. Within a few percent differences in the reference and in the control measurements, the anode output current response of any channels could be directly compared. Parameters for each MAPMT anode current distribution are given in Table II .
C. MAPMT Crosstalk Measurements
For MAPMT D-(b) sixty four anode output current responses with only one of the central inputs irradiated, which was channel #37 as in Table I , were measured. The ratios of each channel anode output current value to the anode output current in channel #37 are in Table III . The measured ratios range from 0.002% to 100%. The anode corresponding to the illuminated input registers about 81% of the total MAPMT response. The response of neighboring channels consecutively decreases as a function of the distance from the illuminated channel. Because only input of channel #37 was illuminated, the responses of the neighboring channels can be attributed as cross talk of the multiplication system. 
D. Comparison Blue and Green Responses
Finally, the responses of MAPMT D+(a) channels measured at green light (about 500 nm) were naively compared with Hamamatsu [3] factory measurements at blue light (about 400 nm). The Hamamatsu final test sheet accompanying the tube indicates the anode uniformity in units normalized to the maximum value. At the factory, the anode current produced by an incident luminous flux of a tungsten lamp at 2856 K passing through a blue filter (Corning CS 5-58) was measured for every channel. The applied voltage was 800 V. MAPMT D+(a) anode currents normalized to the maximum value for the particular set of the measurements are given in Fig. 3 . The green and blue light responses demonstrate similarity in shape and value within 20%.
IV. CONCLUSION
MAPMT anode currents were measured at the same luminous flux. The photocathode to anode voltage was 800 V, which the Hamamatsu factory recommended. For individual MAPMT the normalized anode current responses indicate general agreement with Hamamatsu anode uniformity factory measurements. The factory measurements are useful for MAPMT selection. In the same tube the local photocathode spectral response at green light can be up to 20% different from the blue light. The anode current responses to the same luminous flux have a wide spread. For our 384 channels of 6 tubes the maximum value is 5.23 times larger than the minimum. The wide spread in anode responses can be corrected after relative recalibration using a particular wavelength of light. The cross talk, as a ratio of output to the illuminated channel output current was measured in a range from 0.002% to 4.9%. The average cross talk for the nearest four neighboring channels is 3.9%; for the farther four is 1%. The results and method of response comparison are fruitful for any multichannel system with scintillator, wavelength shifting fibers, and photo detectors.
